We report on the calculation of Gamow-Teller and double-β decay properties for nuclei around 132 Sn within the framework of the realistic shell model. The effective shell-model Hamiltonian and Gamow-Teller transition operator are derived by way of many-body perturbation theory, without resorting to empirical effective quenching factor for the Gamow-Teller operator. The results are then compared with the available experimental data, in order to establish the reliability of our approach. This is a mandatory step, before we apply the same methodology, in forthcoming studies, to the calculation of the neutrinoless double-β decay nuclear matrix element for nuclei that are currently considered among the best candidates for the detection of this process.
I. INTRODUCTION
The detection of neutrinoless double-β decay (0νββ) is nowadays one of the main targets in many laboratories all around the world, triggered by the search of "new physics" beyond the Standard Model. The observation of such a process would be the evidence of a lepton number violation and shed more light on the nature and properties of the neutrino (see Refs. [1, 2] and references therein).
It is well known that the expression for the half life of the 0νββ decay can be written in the following form:
where G 0ν is the so-called phase-space factor (or kinematic factor), m ν is the effective neutrino mass that takes into account the neutrino parameters associated with the mechanisms of light-and heavy-neutrino exchange, and M 0ν is the nuclear matrix element (NME) directly related to the wave functions of the parent and grand-daughter nuclei.
From the expression (1), it is clear that a reliable estimate of the NME is a keypoint to understand which are the most favorable nuclides to be considered for the search of the 0νββ decay, and how to link the experimental results to a measurement of | m ν |. It is therefore incumbent upon the theoretical nuclear structure community to make an effort to provide calculations of the NME as much reliable as possible.
Currently, the nuclear structure models which are largely employed in this research field are the Interacting Boson Model (IBM) [3] [4] [5] , the Quasiparticle RandomPhase Approximation (QRPA) [6] [7] [8] [9] , Energy Density Functional methods [10] , and the Shell Model (SM) [11] [12] [13] [14] [15] [16] [17] [18] . All of them have different advantages and drawbacks, that make one model more suitable than another for a certain class of nuclei, but nowadays the results obtained employing these approaches agree within a factor ∼ 2 ÷ 3 (see Ref. [19] and references therein).
A common feature in all the many-body models applied to systems with mass number ranging from A = 48 to 150 is that the parameters upon which they depend need to be determined fitting some spectroscopic properties of the nuclei under investigation. In particular, since the Hilbert space considered in these approximated models is a truncated one, it is necessary to introduce quenching factors of the axial and vector coupling constants g A and g V that appear in the NME expression. Besides of the excluded degrees of freedom in the manybody calculation, the quenching operation has to take into account the subnucleonic structure of the nucleons too. The free value of g A , that is obtained by the measurement of g A /g V from the neutron decay [20] , is 1.269, and its quenching factor is usually fixed fitting the observed Gamow-Teller (GT) and two-neutrino double-β decay (2νββ) properties, that are experimentally available.
We remark that the structure of the two operators, corresponding to the 0νββ and 2νββ decays, is quite different, and the quenching operation may be effective to calculate the GT strengths and 2νββ NME, but not consistent with the renormalization of the 0νββ-decay operator.
As a matter of fact, there are two main open questions about this problem. The first one is related to the fact that in the 2νββ decay essentially the J π = 1 + states of the intermediate odd-odd nucleus are involved in the process, while all multipoles come into play in the 0νββ decay. So there is no precise prescription if 0νββ should be quenched only for the 1 + multipole, the quenching factor being fitted on β-decay properties, or all the multipole channels should be equally quenched [5] .
Besides this, there is another question to be addressed. In the 2νββ decay the term associated with the vector current of the electroweak lagrangian and its coupling arXiv:1703.05087v3 [nucl-th] 15 Jun 2017 constant g V plays a negligible role, but this might not be the case for the 0νββ decay. So, it may be necessary also to renormalize this factor in order to take into account the many-body effects and the neglected subnucleonic degrees of freedom. Actually, there is no experimental evidence for an underlying mechanism for the renormalization of g V , namely if the same quenching factor used for g A , fixed by fitting β decay data, should be used to quench g V too.
Our framework to tackle these problems is the realistic shell model, where all the parameters appearing in the SM Hamiltonian and in the transition operators are derived from a realistic free nucleon-nucleon (N N ) potential V N N by way of the many-body theory [21, 22] . In this way the bare matrix elements of the N N potential and of any transition operator are renormalized with respect to the truncation of the full Hilbert space into the reduced SM model space, to take into account the neglected degrees of freedom without resorting to any empirical parameter. In other words, in our approach we do not employ effective charges to calculate electromagnetic transition strengths, and we do not quench empirically the axial and vector current coupling constants.
It is a mandatory step, however, to check this approach to calculate properties related to the GT and 2νββ decays of nuclei involved in possible 0νββ, and compare the results with the available data. This is the content of present work, where we present the outcome of SM calculations for nuclei around 132 Sn, focussing our attention on the GT strengths and 2νββ-decay of 130 Te and 136 Xe. These two nuclei are currently considered as candidates for the observation of neutrinoless double-beta decay by some large experimental collaborations. The 0νββ decay of 130 Te is targeted by the CUORE collaboration at the INFN Laboratori Nazionali del Gran Sasso in Italy [23] , while the decay of 136 Xe is investigated both by the EXO-200 collaboration at the Waste Isolation Pilot Plant in Carlsbad, New Mexico, [24] , and by the KamLAND-Zen collaboration in the Kamioka mine in Japan [25] .
Our starting point is the high-precision N N potential CD-Bonn [26] , whose repulsive high-momentum components are smoothed out using the V low−k approach [27] . Then, from this realistic potential we have derived, within a model space spanned by the five proton and neutron orbitals 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , 0h 11/2 outside the doubly-closed 100 Sn, the effective shell-model Hamiltonian H eff , effective electromagnetic and GT transition operators. The derivation of the effective Hamiltonian and operators has been performed by way of the timedependent perturbation theory [28, 29] , including diagrams up to the third-order in V low−k .
The following section is devoted to the presentation of some details about the derivation of our shell-model Hamiltonian and of the effective transition and decay operators. In Section III, we report the results of our calculations for the spectroscopic properties of 130 Te, 130,136 Xe, and 136 Ba, electromagnetic and GT transition strengths for 130 Te and 136 Xe, and their NMEs for the 2νββ decay. Theoretical results are compared with available experimental data. In the last section we sketch out a summary of the present work and an outlook of our future program. In the Supplemental Material [30] , the calculated two-body matrix elements (TBME) of our SM Hamiltonian can be found.
II. OUTLINE OF CALCULATIONS
We start our calculations by considering the highprecision CD-Bonn N N potential [26] . Because of the non-perturbative behavior induced by the repulsive highmomentum components of CD-Bonn potential, we have renormalized the latter by way of the so-called V low−k approach [27, 31] . This procedure provides a smooth potential that can be employed directly in the many-body perturbation theory, and that preserves exactly the onshell properties of the original N N potential up to a cutoff momentum Λ. We have chosen its value, as in many of our recent papers [32] [33] [34] [35] [36] , to be equal to 2.6 fm −1 , because we have found that the larger the cutoff the smaller the role of the missing three-nucleon force (3NF) [37] . The Coulomb potential is explicitly taken into account in the proton-proton channel.
The next step is to derive an effective Hamiltonian for SM calculations employing a model space spanned by the five 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , 0h 11/2 proton and neutron orbitals outside the doubly-closed 100 Sn core. To this end, an auxiliary one-body potential U is introduced in order to break up the Hamiltonian for a system of A nucleons as the sum of a one-body term H 0 , which describes the independent motion of the nucleons, and a residual interaction H 1 :
Once H 0 has been introduced, the reduced model space is defined in terms of a finite subset of H 0 's eigenvectors. In our calculation we choose as auxiliary potential the harmonic oscillator (HO) potential.
Since the diagonalization of the many-body Hamiltonian (2) in an infinite Hilbert space is obviously infeasible, our eigenvalue problem is then reduced to the solution of that one for an effective Hamiltonian H eff in a truncated model space.
In this paper, we derive H eff by way of the KuoLee-Ratcliff (KLR) folded-diagram expansion [21, 28] in terms of the vertex functionQ box, that is defined aŝ
TheQ box may be expanded perturbatively in terms of irreducible valence-linked one-and two-body Goldstone diagrams through third order in H 1 [38] . We have reviewed the calculation of our SM effective Hamiltonian H eff in Ref. [39] , where details of the diagrammatic expansion of theQ box and its perturbative properties are also reported. In terms of theQ box, the effective SM Hamiltonian H eff can be written in an operator form as
where the integral sign represents a generalized folding operation, andQ is obtained fromQ by removing terms at the first order in V low−k [21, 28] . The folded-diagram series is then summed up to all orders using the LeeSuzuki iteration method [40] .
From H eff we obtain both single-particle (SP) energies and TBME for our SM calculations. As already mentioned in the Introduction, in the Supplemental Material [30] our calculated TBME are reported, and in Table I our calculated SP energies. There, the latter (labelled as I) are compared with a set of empirical SP energies (labelled as II) that are needed to fit the observed SP states in 133 Sb and 131 Sn [41, 42] . As regards the effective transition and decay operators, namely the effective charges of the electric quadrupole operators and the matrix elements of the effective GT operator, we have derived them consistently with SM H eff , within an approach that is strictly based on the one presented by Suzuki and Okamoto in Ref. [22] .
In that paper, it has been demonstrated that a nonHermitian effective operator Θ eff can be written in the following form:
whereQ is theQ box defined by the expression (3), and
0 being the eigenvalue of the degenerate model-space of the unperturbed Hamiltonian H 0 , that, as mentioned before, we have chosen to be the HO one.
The χ n operators are defined as follows:
· · · whereΘ m ,Θ mn have the following expressions:
Θ being the bare operator. In our calculations for the one-body operators we arrest the χ series to the leading term χ 0 , and the latter is expanded perturbatively including diagrams up to the third order in the perturbation theory, consistently with the perturbative expansion of theQ box.
In Fig. 1 we have reported all the single-body χ 0 diagrams up to the second order, the bare operator Θ being represented with an asterisk. The first-order (V low−k − U )-insertion is represented by a circle with a cross inside, which arises in the perturbative expansion owing to the presence of the U term in the interaction Hamiltonian H 1 (see for example Ref. [39] for details). Using this approach we have calculated proton and neutron effective state-dependent charges, which are reported in Table II . It should be pointed out that our results are close to the usual empirical values (e emp p = 1.5e, e emp n = 0.5 ÷ 0.8e). In Tables III and IV , the matrix elements of the protonneutron GT + and neutron-proton GT − effective operators, respectively, are reported.
The breaking of the proton-neutron symmetry is due to the fact that we include in the perturbative calculation of H eff and GT eff also the effect of the Coulomb potential between the interacting protons. In the last column the quenching factors that should be employed in order to obtain the corresponding GT eff matrix element are also reported. The quenching factor is not reported for those matrix elements that are forbidden for the bare GT operator. 
III. RESULTS
This section is devoted to the presentation of the results of our SM calculations. Xe isotopes have been performed using the empirical shellmodel Hamiltonian GCN5082 [13] .
We show also the results of the GT − strength distributions of 130 Te and 136 Xe, which are defined as follows:
where indices i, f refer to the parent and daughter nuclei, respectively, and the sum is over all interacting nucleons. In the following subsections, we also report the results of the calculated NME of the 2νββ decays 130 
where E n is the excitation energy of the
and ∆M being the Q value of the ββ decay and the mass difference between the daughter and parent nuclei, respectively. In the expression of Eq. (15) the sum over index n runs over all possible intermediate states of the daughter nucleus. The NMEs have been calculated using the ANTOINE shell-model code, using the Lanczos strength functionmethod as in Ref. [44] . The theoretical values are then compared with the experimental counterparts, that are directly related to the observed half life T 2ν 1/2
In connection with the 2νββ decay, we show also the comparison between our calculated proton/neutron occupancies/vacancies and the recent data.
All the calculations have been performed employing both theoretical and empirical SP energies, reported in Table I , in order to provide an indicator of the sensitivity of our SM results on the choice of the SP energies. From inspection of Table V , it can be seen that our calculated electric-quadrupole transition rates B(E2) compare well with the observed values for both nuclei, testifying the reliability of our SM wavefunctions and of the effective electric-quadrupole transition-operator. Its matrix elements are reported in Table II . It is worth noting that the calculated B(E2)s do not show a relevant dependence on the choice of the SP energies, their values being very close each other.
In Fig. 4 , our calculated running sums of the GamowTeller strengths (ΣB(GT − )) as a function of the excitation energy for 130 Te are shown. The comparison of the calculated GT strength distributions with the observed ones is a very relevant point when trying to assess the reliability of a many-body approach to the description of the ββ decay.
The single β decay GT strengths, defined by Eq. (14), can be accessed experimentally through intermediate energy charge-exchange reactions. As a matter of fact, the GT strength can be extracted, following the standard approach in the distorted-wave Born approximation (DWBA), from the GT component of the cross section by way of the relation [45, 46] 
where N στ D is the distortion factor, and |J στ | is the volume integral of the effective N N interaction.
In the following, we compare our results with the GT − distributions obtained in recent high-resolution ( 3 He, t) studies on 130 Te [47] . In Fig. 4 , the data are reported with a red line, while the results obtained with SP energies (I) and (II) define the blue and black areas, respectively, for the bare and effective GT − operators. It can be seen that the renormalized GT operator is able to reproduce quite well the behavior of the experimental running GT strength.
As a matter of fact, if we shift the calculated distributions in order to reproduce the position of the first 1 + state in 130 I, the theoretical total GT − strengths up to 3 MeV excitation energy are equal to 0.842 and 0.873, for the calculations with SP energies I and II respectively, which should be compared with the experimental value 0.746 ± 0.045. The crucial role of the many-body renormalization is evident when considering the results obtained using the bare GT operator. In this case the total GT − strength is equal to 2.554 and 2.408 with SP energies from set (I) and (II), respectively.
As regards the 2νββ decay of 130 Te, we have calculated NME, as defined by expression (15) , and the results, compared with value obtained from the experimental half life of the 130 Te → 130 Xe 2νββ decay [48] , are reported in The theoretical results are reported as a function of the maximum excitation energy of the intermediate states included in the sum of expression (15) . As can be seen, the calculated values saturate when including at least intermediate states up to 8 MeV excitation energy.
As in the case of the theoretical GT strength distributions, the NMEs calculated with the effective GT operator are in a good agreement with the experimental datum M It is worth mentioning now the results obtained by two recent SM calculations [16, 49] , where the shell model Hamiltonians are based on realistic N N potentials but empirically modified in order to reproduce some spectroscopic properties of nuclei around 132 Sn. In Ref.
[49] the calculated NME is 0.043 MeV −1 , with a quenching factor of 0.57 of g A , while in Ref. [16] a value of 0.0328 MeV −1 , using a quenching factor of 0.74, is reported. Another important indicator of the quality of the calculated NME, both for 2νββ and 0νββ decay, may be provided by the comparison of the theoretical occupancies of valence nucleons in the ground states of the parent and grand-daughter nuclei with the observed ones. Recently, those quantities have been determined by measuring the cross sections of one-proton stripping and oneneutron pick-up reactions, for proton occupancies and neutron vacancies, respectively [50, 51] . These data are reported in Figs. 6 and 7 and compared with our calculations.
The calculations with SP energies (I) and (II) give very close results, which are in nice agreement with experiment, bearing in mind the experimental uncertainties that are up to 20% for the change in occupancy of proton 0g 7/2 orbital [50] .
B.
136 Xe GT − strengths and 2νββ decay . The brown area corresponds to the occupation of the 0g 7/2 orbital, the green one to the 1d orbitals, the red one to the 2s 1/2 orbital, and the blue one to the 0h 11/2 orbital. This subsection is organized like the previous one, so we start from the inspection of Figs. 8 and 9, where the experimental [41, 42] and calculated spectra of 136 Xe and 136 Ba up to an excitation energy of 2 MeV are reported. The calculated spectra are again in a good agreement with experiment, and results are rather insensitive to the SP energies I and II.
From inspection of Table V , it can be seen that our calculated B(E2; 2 The calculated ΣB(GT − ) for 136 Xe, as a function of the excitation energy, can be found in Fig. 10 , where they are compared with the observed GT − distributions extracted from high-resolution ( 3 He, t) reactions on 136 Xe [52] .
As in the case of 130 Te, we observe that the renormalized GT operator reproduces satisfactorily the observed running GT strength, the theoretical total GT strengths up to 4.5 MeV excitation energy being equal to 0.94 (I) and 1.13 (II) and to be compared with an experimental value of 1.33 ± 0.07.
We have calculated the NME related to the 2νββ decay of 136 Xe into 136 Ba, whose values are 0.091 MeV −1 (I) and 0.094 MeV −1 (II) with bare GT operator, and 0.0285 MeV −1 (I) and 0.0287 MeV −1 (II) with the effective operator GT eff . The experimental value, obtained from the experimental half life of the 136 Xe → 136 Ba 2νββ decay [53] , is (0.0218±0.0003) MeV −1 , that compares well with the theoretical values derived employing the effective operator (Fig. 11) .
For the sake of completeness, we mention that in Ref. [49] the calculated value of the NME is 0.025 MeV
with a quenching factor equal to 0.45, and in Ref. [16] they obtain 0.0256 MeV −1 , having quenched g A by a factor 0.74. The latter has been employed also in Ref. [15] as a quenching factor to calculate the matrix element of 2νββ decay of 136 Xe, resulting in a calculated NME of 0.062 MeV −1 . In this paper, the authors have used a different shell-model Hamiltonian, derived by way of the KLR folded-diagram expansion from the realistic N 3 LO potential [54] , which however seems to describe the nuclear structure of nuclei around Z = 50 equally as well as in Ref. [16] . This evidences the tight relationship between the shell-model Hamiltonian and the choice of the g A quenching factor. 
IV. SUMMARY AND OUTLOOK
In the present work, we have presented the results of a realistic SM calculation of GT decay properties for 130 Te and 136 Xe. Our aim has been to test an approach to the calculation of the NME of the 0νββ decay of these nuclei, where the SM Hamiltonian and the related transition operators are derived, starting from a realistic N N potential, from the many-body theory. This means that the need to resort to empirical parameters is drastically reduced, so enhancing the predictiveness of the nuclear structure calculations.
The first step toward this goal has been to test the reliability of our theoretical framework, that cannot be done for the 0νββ. In particular we have calculated the GT strengths and the NMEs of the 2νββ, and compared the results with the available experimental ones. This is reported in Section III, and the overall agreement with the data is quite good. As summarized in Table VI , the quality of our results is similar to, and even better than, that obtained with recent calculations available in literature, which employ SM parameters that have been empirically fitted to reproduce some selected observables.
Our results are encouraging for our next steps towards an (almost) parameter-free calculation of the 0νββ NME of 130 Te and 136 Xe, making us confident of a positive outcome of a fully microscopical approach to this problem.
Finally, it should be pointed out that in our calculations the renormalization of the bare operators by way of the many-body perturbation theory takes into account the degrees of freedom that are not explicitly included within the reduced SM model space.
There are also two other main effects that should be included in the renormalization of the GT operators, namely the blocking effect and the role of the subnucleonic degrees of freedom. The blocking effect is responsible for taking into account the correlations among the active nucleons in systems with many interacting valence particles, within the derivation of the effective operators. We are currently investigating the role played by these correlations in the calculation of GT and 2νββ properties.
Another contribution to the renormalization of the GT operators is associated to the quark structure of nucleons. Since a realistic N N potential is our starting point, we do not consider in such a picture the role played by the nucleon resonances (∆, N * , · · · ) -that are also responsi- ble for three-nucleon forces -whose contribution should lead to renormalized values of g A and g V . Nowadays, the derivation of nuclear potentials by way of the chiral perturbation theory [55, 56] allows a consistent treatment of this approach to the renormalization of the axial-and vector-current constants, that has been already explored in Ref. [57] . We are investigating this subject, which will be the topic of a forthcoming paper.
Appendix TABLE A.I: Proton-proton, neutron-neutron, and protonneutron matrix elements (in MeV) derived for calculations in model space 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 , 0h 11/2 . They are antisymmetrized, and normalized by a factor 1/ (1 + δj a j b )(1 + δj c j d ). 
